Brain ANG II plays an important role in modulating sympathetic function and homeostasis. The generation and degradation of ANG II are carried out, to a large extent, through the angiotensin-converting enzyme (ACE) and ACE2, respectively. In disease states, such as hypertension and chronic heart failure, central expression of ACE is upregulated and ACE2 is decreased in central sympathoregulatory neurons. In this study, we determined the expression of ACE and ACE2 in response to ANG II in a neuronal cell culture and the subsequent signaling mechanism(s) involved. A mouse catecholaminergic neuronal cell line (CATH.a) was treated with ANG II (30, 100, and 300 nM) for 24 h, and protein expression was determined by Western blot analysis. ANG II induced a significant dose-dependent increase in ACE and decrease in ACE2 mRNA and protein expression in CATH.a neurons. This effect was abolished by pretreatment of the cells with the p38 MAPK inhibitor SB-203580 (10 M) 30 min before administration of ANG II or the ERK1/2 inhibitor U-0126 (10 M). These data suggest that ANG II increases ACE and attenuates ACE2 expression in neurons via the ANG II type 1 receptor, p38 MAPK, and ERK1/2 signaling pathways.
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angiotensin; converting enzyme; signaling THE RENIN-ANGIOTENSIN SYSTEM (RAS) in the brain plays an important role in the regulation of blood pressure, water balance, and endocrine secretion. Functional studies have clearly established that augmented ANG II and ANG II type 1 receptor (AT 1 R) signaling in the central nervous system plays an essential role in the sympathoexcitation in disease states such as hypertension and chronic heart failure in various animal models (43) . Elevated plasma ANG II can directly activate neurons in the circumventricular organs, which lack a tight blood-brain barrier (6) . On the other hand, other brain regions, such as the presympathetic neurons in the paraventricular nucleus (PVN) and rostral ventrolateral medulla, do not have direct access to systemic ANG II but have also been associated with an upregulation of local ANG II signaling in disease states (44) .
The conversion of bioactive angiotensin peptides is mainly carried out by two angiotensin-converting enzymes: angiotensin-converting enzyme (ACE) and angiotensin-converting enzyme 2 (ACE2). ACE catalyzes the conversion from ANG I to the major sympathoexcitatory peptide ANG II, while ACE2 primarily metabolizes ANG II to form ANG-(1-7). ANG- (1) (2) (3) (4) (5) (6) (7) exhibits effects that are counter to the effects of ANG II through activation of the Mas receptor (30, 32) . ACE also mediates the degradation of ANG-(1-7) to form the nonactive peptide ANG-(1-5) (7). Therefore, a balance between ACE and ACE2 expression and activity may contribute to the control of sympathetic nerve activity. Reciprocal changes in ACE and ACE2 expression in brain autonomic regions have been shown in studies using different models of heart failure (13, 34) . Similarly, an increase in the ratio of ACE to ACE2 has been observed in the brain (1) and kidneys (36) in hypertensive patients and animal models. ANG II has been implicated in the reduction of ACE2 activity in the brain and in baroreflex dysfunction in hypertensive mice (39) . Experimental evidence suggests that common regulatory mechanisms, such as increased ANG II signaling, are involved in these diseases. It has been shown that ANG II increases the ACEto-ACE2 ratio via the AT 1 R, p38 MAPK, and ERK1/2 (also known as p42/44 MAPK) in a human kidney tubular epithelial cell line (14) . It is not clear if this mechanism also applies to neurons.
In current study, we tested the hypothesis that ANG II upregulates ACE and downregulates ACE2 in a neuronal cell line (CATH.a) through AT 1 R, p38 MAPK, and ERK1/2 signaling.
MATERIALS AND METHODS
Cell culture. CATH.a neurons were purchased from American Type Culture Collection (Manassas, VA). The neuronal cells were grown in RPMI 1640 medium containing 8% horse serum, 4% fetal bovine serum, and 100 IU/l penicillin at 37°C in 5% CO 2 in a humidified atmosphere. Before treatment, the neuronal cells were allowed to differentiate in serum-free medium for 48 h. For immunofluorescence, neurons were grown on 12-mm poly-L-lysine-coated coverslips in 24-well plates at a density of 1 ϫ 10 5 cells/well. For real-time RT-PCR and Western blotting, the neurons were plated at a density of 1.5 ϫ 10 6 cells/well in six-well culture plates. The neurons were treated with ANG II (30, 100, and 300 nM) for 4 h for real-time RT-PCR or 24 h for immunofluorescence and Western blot analysis. An AT 1R antagonist (losartan, 10 mol/l), an AT2R antagonist (PD-123319, 10 mol/l), a p38 MAPK inhibitor (SB-203580, 10 mol/l), or an ERK1/2 inhibitor (U-0126, 10 mol/l) was given 30 min before ANG II treatment.
Immunofluorescence confocal microscopy. After appropriate treatment and incubation with ANG II, the media were aspirated and the cells were washed with ice-cold PBS. The neurons were fixed with 4% paraformaldhyde for 10 min. The cells were washed five times with PBS at room temperature and blocked using 10% normal donkey serum (NDS), 1% BSA, and 1% Triton in PBS for Ն1 h at room temperature. Primary antibody-directed anti-ACE or anti-ACE2 (catalog nos. sc-20791 and sc-20998, Santa Cruz Biotechnology) was diluted (1:200) in 1% NDS, 1% BSA, and 1% Triton in PBS and applied to the cells, which were incubated overnight at 4°C. The cells were washed with PBS and then incubated with anti-rabbit fluorescence-labeled secondary antibody in 1% NDS, 1% BSA, and 1% Triton in PBS for 1 h at room temperature in darkness. The coverslips were mounted using mounting medium with 4=,6=-diamidino-2-phenylindole. A confocal microscope (model TCS SP5, Leica) was used to examine at least five to six fields on the same slide under an oil immersion objective (ϫ63, 1.4 numerical aperture). As a negative control, we stained the cells with primary or secondary antibody alone to determine the specificity of the fluorescence signal.
Western blot analysis. The cells were scraped off the culture plate and suspended in ice-cold PBS. Total protein was extracted with radioimmunoprecipitation assay buffer, and equal amounts of sample were loaded and separated by SDS-PAGE and then electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were blocked in Tris-buffered saline solution containing 1% Tween 20 and 5% nonfat dry milk, washed, and incubated with primary antibodies. Primary antibodies were purchased from Santa Cruz Biotechnology [rabbit polyclonal antibodies anti-ACE2, anti-ACE, antitotal p38 MAPK (sc-7972), anti-phosphorylated p38 MAPK (sc-7973), anti-total ERK1/2 (sc-94), and mouse monoclonal anti-GAPDH (sc-32233)] and Cell Signaling Technology [anti-phosphorylated ERK1/2 (catalog no. 4370)]. Membranes were thoroughly washed in Tris-buffered saline solution containing 1% Tween 20 and incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibody (Thermo Scientific). Bands were visualized using an enhanced chemiluminescence system and quantified using ImageJ software.
Real-time RT-PCR. Total RNA was isolated from CATH.a neurons after appropriate treatment using the RNeasy RNA isolation kit (Qiagen, Valencia, CA) according to the manufacturer's guidelines. For each RT-PCR, 1 g of total RNA was used, and the purity of the RNA was determined by the ratio of the optical density reading at 260 nm to the optical density reading at 280 nm. The ratio of the RNA used for RT-PCR was 1.8 -2.0. RT-PCR was carried out in a programmable thermal controller (model PTC-100, Bio-Rad) with the following oligonucleotide primers: ACE [AAC AAA CAT GAT GGC CAC ATC CCG (forward) and CGT GTA GCC ATT GAG CTT GGC AAT (reverse)], ACE2 [AGG GTT CCA TGA AGC TGT TGG AGA (forward) and ATC GGA TGG CAG AAG ACC AAT GGA (reverse)], and GAPDH [TCA ACA GCA ACT CCC ACT CTT CCA (forward) and ACC CTG TTG CTG TAG CCG TAT TCA (reverse)]. cDNA synthesis was performed using an iScript kit (Bio-Rad) with the following parameters: 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C. For amplification of the DNA template, SsoFast EvaGreen Supermix (Bio-Rad) was used according to the manufacturer's guidelines using the specific primer pairs shown above. The reaction was carried out in a thermal cycler (model PTC-200, Bio-Rad) with a continuous fluorescence detector (Chromo4, Bio-Rad) with the following parameters: 95°C for 5 min, 95°C for 5 s, and 60°C for 20 s, with steps 2 and 3 repeated for 40 cycles. Target genes were normalized to GAPDH levels, expressed as (1 ϩ E)
(where E is amplification efficiency). A value of 1 was attributed to the average of the vehicle-treated group, and values are expressed as a ratio to the vehicle-treated control group.
Statistical analysis. Values are means Ϯ SE. A two-way ANOVA with Bonferroni's post hoc test was used to analyze the differences between multiple groups. Prism 5 software (GraphPad Software, San Diego, CA) was used for statistical analysis. P Ͻ 0.05 was taken as indicative of statistical significance.
RESULTS

ANG II modulates ACE and ACE2 expression in CATH.a neurons.
ACE and ACE2 were detected in the membrane and cytoplasm of CATH.a neurons by laser confocal immunofluorescence. ACE and ACE2 were found in the cell membrane and cytoplasm. After 24 h of treatment with 30, 100, and 300 nM ANG II, ACE expression was increased in a dose-dependent manner (Fig. 1, top) . In contrast, ACE2 expression was decreased after the same ANG II treatments (Fig. 1, bottom) . The changes in protein expression were quantified by Western blot analysis (Fig. 2) . ACE protein was significantly increased after 100 nM (0.45 Ϯ 0.06) and 300 nM (0.62 Ϯ 0.05) ANG II compared with the control group (0.27 Ϯ 0.02). ACE2 protein level was significantly reduced with 300 nM ANG II (0.22 Ϯ 0.01) compared with the control group (0.34 Ϯ 0.01). ACE and ACE2 gene transcription was also determined by real-time RT-PCR, as shown in Fig. 3 . ACE mRNA was increased twofold at 100 nM ANG II. ACE2 mRNA levels were decreased by ϳ60% by 100 nM ANG II. ACE mRNA was augmented by 3.7-fold and ACE2 was reduced by ϳ75% by 300 nM ANG II.
Effect of p38 MAPK and ERK1/2 inhibition on ACE and ACE2 expression. Because ANG II increases phosphorylation of p38 MAPK and ERK1/2, it was of interest to determine the influence of these proteins on ACE and ACE2. ACE and ACE2 gene transcription was measured following p38 MAPK or ERK1/2 inhibition. Significant interaction (P Ͻ 0.0001) was observed between MAPK inhibitor pretreatments and ANG II treatments (Fig. 3) . Although baseline ACE and ACE2 mRNA levels were not affected by the p38 MAPK inhibitor SB-203580 or the ERK1/2 inhibitor U-0126, both abolished the ANG II modulation of ACE and ACE2 gene transcription. Post hoc analysis showed a significant difference in relative ACE mRNA levels for 300 nM ANG II (3.68 Ϯ 0.37 with vehicle vs. 0.95 Ϯ 0.11 and 0.89 Ϯ 0.16 with SB-203580 and U-0126, respectively, both P Ͻ 0.05). Significant differences in ACE2 mRNA were also found between the vehicle-treated group (0.27 Ϯ 0.13) and neurons treated with the p38 MAPK inhibitor (1.08 Ϯ 0.12) or the ERK1/2 inhibitor (1.07 Ϯ 0.11) at 300 nM ANG II.
Protein expression following MAPK inhibition was measured by Western blot analysis. As shown in Fig. 4 , similar to the data for real-time RT-PCR, the p38 MAPK inhibitor or the ERK1/2 inhibitor normalized the dose-dependent upregulation of ACE and downregulation of ACE2 without affecting the baseline expression of the two enzymes.
The effects of SB-203580 and U-0126 pretreatments were confirmed by immunoblotting the phosphorylated and total proteins for p38 and ERK. As shown in Fig. 5 , dose-dependent phosphorylation of p38 MAPK was prevented by pretreatment with SB-203580 (Fig. 5A) , while U-0126 inhibited ERK1 and ERK2 activation (Fig. 5B) .
Effect of angiotensin receptor blockade on ACE and ACE2 expression. Since both major subtypes of the ANG II receptors have been associated with MAPK signaling activation in different cell types or tissues (12, 28) , AT 1 R and AT 2 R antagonists were used to determine which subtype is involved in the modulation of ACE and ACE2. As shown in Fig. 6 , significant interactions were observed between ANG II and its receptor antagonist treatments for ACE expression. The AT 1 R antagonist losartan normalized the dose-dependent upregulation of ACE (0.66 Ϯ 0.01 and 0.40 Ϯ 0.04 with vehicle and losartan, respectively, at 300 nM ANG II, P Ͻ 0.05), while AT 2 R antagonism with PD-123319 had no effect. ACE2 expression was significantly decreased in neurons treated with vehicle ϩ 300 nM ANG II (0.37 Ϯ 0.01 and 0.23 Ϯ 0.03 at 0 and 300 nM ANG II, respectively, P Ͻ 0.05) and neurons treated with PD-123319 ϩ 300 nM ANG II (0.34 Ϯ 0.02 and 0.22 Ϯ 0.03 at 0 and 300 nM ANG II, respectively, P Ͻ 0.05). Losartan completely blocked the effects of ANG II on ACE2. These data suggest a dominant role of the AT 1 R in the regulation of ACE and ACE2 expression in CATH.a neurons.
DISCUSSION
In the current study we hypothesized that ANG II upregulates ACE and downregulates ACE2 expression in CATH.a neurons. These cellular data support the putative effects of The localization of ACE and ACE2 has been mapped in various sites in the brain in humans and experimental animals (40, 42) . ACE in the brain is associated with the endothelium of cerebral blood vessels (4, 13), epithelial cells of the choroid plexus, and plasma membranes of astrocytes in the circumventricular organs (42) . ACE is also expressed at moderate levels in neurons in the PVN, subfornical organ, and dorsal vagal complex (3, 4) , and its distribution coincides with ANG II immunoreactivity and AT 1 R expression (18, 19, 42) . Because of the presence of the blood-brain barrier, ANG II and ACE from the endothelial side cannot directly influence neuronal function (except for neurons in the circumventricular organs). For this reason, ACE and ACE2 expression in neurons and glial cells inside the blood-brain barrier is important. On the other hand, ACE2 is also present in brain centers that control cardiovascular function and is associated with AT 1 R expression (8, 16) . In the present study, we demonstrated that ACE and ACE2 are expressed in the cell membrane and cytoplasm of CATH.a neurons and that ANG II modulates these two enzymes in opposite directions. The subcellular localization of ACE2 agrees with previous in vitro studies (8, 13) ; however, it is not clear if ACE is localized in the cytoplasm as well as in the membrane. The increase in the ratio of ACE to ACE2 correlates with results in animal models of heart failure or hypertension (1, 13) . This mechanism may serve a positivefeedback function in hyperactivated central ANG II signaling and exacerbation of the diseases through augmented sympathoexcitation. It has previously been shown that knocking down the expression of the AT 1a R causes downregulation of ACE2 in the brain stem of normal mice without affecting ACE expression (16) . We speculate that the effects of the AT 1 R on ACE and ACE2 expression may be different in the basal state and following ANG II stimulation, since some of our findings are statistically different only at high doses of ANG II, which may trigger a series of signaling pathways.
In the current study we elucidated an AT 1 R-p38 MAPK and ERK1/2 signaling pathway in the modulation of ACE and ACE2 expression in neurons. Central AT 1 R-dependent phosphorylation of p38 MAPK or ERK1/2 in the subfornical organ, PVN, and rostral ventrolateral medulla has been reported previously and has been associated with increased oxidative stress and hyperactivated ANG II-AT 1 R signaling in hypertension and heart failure (5, 33, 38) . Activation of p38 MAPK and ERK1/2 by ANG II has also been observed in other tissues, including heart (24, 31), vascular smooth muscle (25, 35) , and kidney (14, 26) . Several different upstream signaling pathways may link AT 1 R activation to phosphorylation of p38 MAPK or ERK1/2. The Src family of protein tyrosine kinases has been shown to play a key role in the coupling of cell surface receptors with MAPK activation (14, 27) and NADPH oxidase-derived O 2 ·Ϫ , which also serves as a second messenger downstream of the AT 1 R for MAPK activation (5, 14) . Our laboratory has shown that ANG II induces O 2 ·Ϫ production through AT 1 R and NADPH oxidase activation in CATH.a neurons (21) . Therefore, O 2 ·Ϫ may also participate in the regulation of ACE and ACE2 expression. In the current study we used a relatively high concentration of ANG II (300 nM), and the changes in ACE and ACE2 proteins occurred at 24 h after administration of ANG II. This suggests that this effect may not occur under physiological conditions but may reflect disease states such as heart failure or hypertension, where ANG II levels in the brain may be high. It is highly possible that ANG II concentration in the medium was not sustained at the given dose during the treatment. We speculate that ANG II may trigger a series of downstream effects, including oxidative stress, that modulate cell function for a longer period of time. We observed changes in ACE and ACE2 mRNA levels within 4 h. However, changes in protein expression were not detected until 8 h after ANG II was added (data not shown) and were still observed after 24 h.
The influences of the AT 2 R on MAPK activation are different from those for the AT 1 R. AT 2 R activation induces sustained activation of ERK1/2 in the NG-108 neuronal cell line (28) . However, it has been shown to play an inhibitory role in ERK1/2 activation in cardiomyocytes during ischemia-reperfusion injury (37). We did not measure AT 1 R and AT 2 R expression in the current study. Our previous work clearly showed that ANG II upregulates AT 1 R transcription and protein expression at 100 nM within 4 h in this neuronal cell line (21, 22) . Recent work by Herrera et al. (11) has called into question the validity of AT 1 R measurements, at least in mice, because of nonspecificity of commercial antibodies. While it is certainly true that many AT 1 R antibodies may not be completely specific, data from Gao et al. (9) clearly show that the use of a blocking peptide abolished the AT 1 R band in the Western blot in the brain. However, the effect of ANG II on AT 2 R expression is not as clear in CATH.a neurons. Functional AT 2 R effects have been observed, in that AT 2 R-specific agonists increased potassium current in these neurons (10) . In the current study the AT 2 R antagonist PD-123319 did not significantly alter the effects of ANG II on ACE and ACE2 expression, whereas losartan reversed the effects of ANG II, strongly suggesting a dominant AT 1 R mechanism.
One of the limitations of the current study is that it is still unclear which transcriptional mechanisms downstream of p38 MAPK and ERK1/2 participate in the modulation of ACE and ACE2. Our laboratory has shown that several transcription factors, including activator protein-1, NF-B, and cAMP responsive element-binding protein, are involved in the regulation of AT 1 R expression in response to ANG II (20, 22; unpublished observations inducible factor 1␣ has been shown to inhibit ACE2 and promote ACE expression in pulmonary artery smooth muscle cells during hypoxic pulmonary hypertension (41) . A study by Cardinale et al. (2) showed that chronic subcutaneous infusion of ANG II resulted in an increase in ACE and a decrease in ACE2 expression in the PVN, which were normalized by inhibition of NF-B. Another recent study found that an upregulation of ACE in local tissues (heart, kidney, and aorta) of spontaneously hypertensive rats via histone code modifications, which was normalized by the AT 1 R antagonist valsartan (15) . In addition, although mRNA and protein levels were measured in these experiments, the enzyme activities need to be determined. Finally, whether this mechanism is operative in vivo is not known. Because of the complex interaction among RAS components, it is technically challenging to dissect and test one of the RAS components in vivo without affecting the others.
In conclusion, the current findings suggest that ACE and ACE2 expression is regulated by ANG II via AT 1 R and p38 MAPK and ERK1/2 signaling pathways in CATH.a neurons. This may help explain the bidirectional ACE and ACE2 expression in the central nervous system in heart failure and hypertension.
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